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Abstract
We demonstrate that asymmetric 3-port devices can be used to design a multi-functional set-up
operating as a symmetric combiner and splitter at the same frequency. For a concrete implemen-
tation of the proposed multi-functionality protocol, we employ a resonant acoustic 3-port device
operating in a subwavelength regime, showing splitting/combining abilities with nearly perfect
transmission in presence of losses, induced by the interactions of the system’s resonances. Finally,
as an extension of the 3-port multi-functionality concept, we propose a new type of 4-port net-
works, consisting in an assembly of 3-port unit cells with combining/splitting properties, capable
to achieve various wave guiding features with perfect transmission depending on the phase of the
inputs.
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Wave routing has always been a great challenge for many physical applications. Numer-
ous works focus on the design of multi-port devices capable to guide waves from specific
inlets to different outlets. Such devices include power divider or combiner (which divides or
combines one or several inputs into several or one ports) or multiplexer systems which selects
one of several inputs and transfers this input into a specific port. For example, in microwave
engineering, guiding devices such as power dividers, circulators, filters couplers and multi-
plexer are commonly used [1]. Multiport devices can be realized in different ways employing
resonant structures [1–3], photonic crystals [4–6], metamaterials [7, 8] as well as waveguides
with multimode interferences [9, 10]. In electromagnetics, selected filters and multiplexers
have also been implemented by using structured materials as nonuniform waveguide network
[11, 12] and complex photonic circuits are studied and designed for optical signal processing
or computing in integrated optics [13].
In acoustics, two-port systems have been studied and different phenomena including
Coherent Perfect Absorption[14, 15], reflectionless transmission [16] or perfect transparency
[17] have been revealed. Nevertheless, it appears that only a few works are dealing with
systems with more than two ports. As example, three-port systems based on resonant
scatterers, have been proposed to achieve Coherent Perfect Absortion/Coherent Perfect
Transmission [18] or channeling [19], by tuning the geometry of the system and the wave
input. PT-symmetric three-port systems using spatiotemporal modulation or circulating
fluid, have been employed to obtain non reciprocal acoustic circulator [20, 21]. Directional
excitation, asymmetric reflection and wave router for multi-ports have been developed using
metamaterials and/or PT-symmetric systems [22–26]. Finally, a splitter system has been
realized using acoustic topological network [27].
In this work, we demonstrate (both theoretically and numerically) that an acoustic reso-
nant subwavelength three-port can be used to obtain a symmetric splitter and a symmetric
combiner with a quasi perfect transmission despite the presence of losses in the system. The
device is composed of identical connected waveguides side-loaded by resonant scatterers.
The control of the wave is made possible using induced transparency resonance [3] com-
ing from the interaction of the resonances of individual scatterers through the waveguide.
Tuning these resonances, one can achieve wave guiding with almost perfect transmission.
By arranging several 3-port systems with these specific properties, we propose an optimally
designed network which allows for multiple functionalities illustrated here by a 4-port case.
We design a directional coupler with prescribed wave guiding abilities depending on the
relative phase of the input waves. We demonstrate using 3D simulation the feasibility of
this device.
Let us consider a system connected to three identical input/output ports as shown in
Fig. 1(a), exhibiting mirror symmetry with respect to one port e.g port 1 in Fig. 1(a).
Assuming single mode propagation in each channel, we may write the corresponding
scattering matrix as p−1p−2
p−3
 =
r t tt r′ t′
t t′ r′
p+1p+2
p+3
 = S
p+1p+2
p+3
 . (1)
r and t are the complex, frequency dependent, reflection and transmission coefficients from
port 1 while r′ and t′ are the reflection and transmission coefficients from port 2 or 3. In
Eq. (1) the vectors (p+1 , p
+
2 , p
+
3 )
T and (p−1 , p
−
2 , p
−
3 )
T describe the incoming and outgoing waves
respectively, while the numbering denotes the corresponding port. Tuning the reflection and
transmission coefficients allows us to achieve a system with prescribed functionalities at
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<latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3G V62vqks3wSK4KkkRdFlw47KifUCrksRpDU0yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5s V+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kqiLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiThAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56Z Vgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAOtnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj 9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajlFHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3G V62vqks3wSK4KkkRdFlw47KifUCrksRpDU0yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5s V+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kqiLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiThAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56Z Vgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAOtnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj 9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajlFHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3G V62vqks3wSK4KkkRdFlw47KifUCrksRpDU0yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5s V+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kqiLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiThAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56Z Vgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAOtnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj 9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajlFHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3G V62vqks3wSK4KkkRdFlw47KifUCrksRpDU0yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5s V+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kqiLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiThAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56Z Vgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAOtnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj 9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajlFHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit>
port 2
<latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit>
port 3
<latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE=">AAAC0HicjVHLSsNAFD3G V62vqks3wSK4KkkVdFlw47KKfUBbJEmnNTTJxMlEWkoRt/6AW/0q8Q/0L7wzpqAW0QlJzpx7z5m597px4CfSsl7njPmFxaXl3Ep+dW19Y7OwtV1PeCo8VvN4wEXTdRIW+BGrSV8GrBkL5o RuwBru4FTFG7dMJD6PLuUoZp3Q6Ud+z/ccSVSnHbp8OI65kObk8KpQtEqWXuYssDNQRLaqvPCCNrrg8JAiBEMESTiAg4SeFmxYiInrYEycIOTrOMMEedKmlMUowyF2QN8+7VoZG9FeeSZa 7dEpAb2ClCb2ScMpTxBWp5k6nmpnxf7mPdae6m4j+ruZV0isxDWxf+mmmf/VqVokejjRNfhUU6wZVZ2XuaS6K+rm5peqJDnExCncpbgg7GnltM+m1iS6dtVbR8ffdKZi1d7LclO8q1vSgO2 f45wF9XLJJnx+VKyUs1HnsIs9HNA8j1HBGaqokfcNHvGEZ+PCGBp3xv1nqjGXaXbwbRkPH2DYlI8=</latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE=">AAAC0HicjVHLSsNAFD3G V62vqks3wSK4KkkVdFlw47KKfUBbJEmnNTTJxMlEWkoRt/6AW/0q8Q/0L7wzpqAW0QlJzpx7z5m597px4CfSsl7njPmFxaXl3Ep+dW19Y7OwtV1PeCo8VvN4wEXTdRIW+BGrSV8GrBkL5o RuwBru4FTFG7dMJD6PLuUoZp3Q6Ud+z/ccSVSnHbp8OI65kObk8KpQtEqWXuYssDNQRLaqvPCCNrrg8JAiBEMESTiAg4SeFmxYiInrYEycIOTrOMMEedKmlMUowyF2QN8+7VoZG9FeeSZa 7dEpAb2ClCb2ScMpTxBWp5k6nmpnxf7mPdae6m4j+ruZV0isxDWxf+mmmf/VqVokejjRNfhUU6wZVZ2XuaS6K+rm5peqJDnExCncpbgg7GnltM+m1iS6dtVbR8ffdKZi1d7LclO8q1vSgO2 f45wF9XLJJnx+VKyUs1HnsIs9HNA8j1HBGaqokfcNHvGEZ+PCGBp3xv1nqjGXaXbwbRkPH2DYlI8=</latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE=">AAAC0HicjVHLSsNAFD3G V62vqks3wSK4KkkVdFlw47KKfUBbJEmnNTTJxMlEWkoRt/6AW/0q8Q/0L7wzpqAW0QlJzpx7z5m597px4CfSsl7njPmFxaXl3Ep+dW19Y7OwtV1PeCo8VvN4wEXTdRIW+BGrSV8GrBkL5o RuwBru4FTFG7dMJD6PLuUoZp3Q6Ud+z/ccSVSnHbp8OI65kObk8KpQtEqWXuYssDNQRLaqvPCCNrrg8JAiBEMESTiAg4SeFmxYiInrYEycIOTrOMMEedKmlMUowyF2QN8+7VoZG9FeeSZa 7dEpAb2ClCb2ScMpTxBWp5k6nmpnxf7mPdae6m4j+ruZV0isxDWxf+mmmf/VqVokejjRNfhUU6wZVZ2XuaS6K+rm5peqJDnExCncpbgg7GnltM+m1iS6dtVbR8ffdKZi1d7LclO8q1vSgO2 f45wF9XLJJnx+VKyUs1HnsIs9HNA8j1HBGaqokfcNHvGEZ+PCGBp3xv1nqjGXaXbwbRkPH2DYlI8=</latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE=">AAAC0HicjVHLSsNAFD3G V62vqks3wSK4KkkVdFlw47KKfUBbJEmnNTTJxMlEWkoRt/6AW/0q8Q/0L7wzpqAW0QlJzpx7z5m597px4CfSsl7njPmFxaXl3Ep+dW19Y7OwtV1PeCo8VvN4wEXTdRIW+BGrSV8GrBkL5o RuwBru4FTFG7dMJD6PLuUoZp3Q6Ud+z/ccSVSnHbp8OI65kObk8KpQtEqWXuYssDNQRLaqvPCCNrrg8JAiBEMESTiAg4SeFmxYiInrYEycIOTrOMMEedKmlMUowyF2QN8+7VoZG9FeeSZa 7dEpAb2ClCb2ScMpTxBWp5k6nmpnxf7mPdae6m4j+ruZV0isxDWxf+mmmf/VqVokejjRNfhUU6wZVZ2XuaS6K+rm5peqJDnExCncpbgg7GnltM+m1iS6dtVbR8ffdKZi1d7LclO8q1vSgO2 f45wF9XLJJnx+VKyUs1HnsIs9HNA8j1HBGaqokfcNHvGEZ+PCGBp3xv1nqjGXaXbwbRkPH2DYlI8=</latexit>
port 1
<latexit sha1_base64="S9btHat/jLLJUC 7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3GV62vqks3wSK4KkkRdFlw47KifUCrksRpDU0 yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb 20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5sV+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kq iLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiT hAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56ZVgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0 p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAO tnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajl FHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC 7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3GV62vqks3wSK4KkkRdFlw47KifUCrksRpDU0 yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb 20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5sV+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kq iLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiT hAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56ZVgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0 p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAO tnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajl FHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC 7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3GV62vqks3wSK4KkkRdFlw47KifUCrksRpDU0 yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb 20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5sV+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kq iLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiT hAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56ZVgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0 p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAO tnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajl FHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit><latexit sha1_base64="S9btHat/jLLJUC 7q3dj9Cl4ZfGg=">AAAC0XicjVHLSsNAFD3GV62vqks3wSK4KkkRdFlw47KifUCrksRpDU0 yYTIRSymIW3/Arf6U+Af6F94Zp6AW0QlJzpx7z5m59/ppFGbScV5nrNm5+YXFwlJxeWV1bb 20sdnMeC4C1gh4xEXb9zIWhQlryFBGrJ0K5sV+xFr+4EjFWzdMZCFPzuQwZeex10/CXhh4kq iLbuzz21HKhbTHrn1ZKjsVRy97GrgGlGFWnZde0MUVOALkiMGQQBKO4CGjpwMXDlLizjEiT hAKdZxhjCJpc8pilOERO6Bvn3Ydwya0V56ZVgd0SkSvIKWNXdJwyhOE1Wm2jufaWbG/eY+0 p7rbkP6+8YqJlbgm9i/dJPO/OlWLRA+HuoaQako1o6oLjEuuu6Jubn+pSpJDSpzCVxQXhAO tnPTZ1ppM16566+n4m85UrNoHJjfHu7olDdj9Oc5p0KxWXMIn++Va1Yy6gG3sYI/meYAajl FHg7wFHvGEZ+vUGlp31v1nqjVjNFv4tqyHD9MQlLc=</latexit>
port 2
<latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q=">AAAC0HicjVHLSsNAFD2N r1pfVZdugkVwVZIi6LLgxmUV+4C2SJJOa2iSiZOJtJQibv0Bt/pV4h/oX3hnTEEtohOSnDn3njNz73XjwE+kZb3mjIXFpeWV/GphbX1jc6u4vdNIeCo8Vvd4wEXLdRIW+BGrS18GrBUL5o RuwJru8FTFm7dMJD6PLuU4Zt3QGUR+3/ccSVS3E7p8NIm5kOa0clUsWWVLL3Me2BkoIVs1XnxBBz1weEgRgiGCJBzAQUJPGzYsxMR1MSFOEPJ1nGGKAmlTymKU4RA7pO+Adu2MjWivPBOt 9uiUgF5BShMHpOGUJwir00wdT7WzYn/znmhPdbcx/d3MKyRW4prYv3SzzP/qVC0SfZzoGnyqKdaMqs7LXFLdFXVz80tVkhxi4hTuUVwQ9rRy1mdTaxJdu+qto+NvOlOxau9luSne1S1pwPb Pcc6DRqVsEz4/KlUr2ajz2MM+Dmmex6jiDDXUyfsGj3jCs3FhjIw74/4z1chlml18W8bDB154lI4=</latexit>
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Figure 1. (a) Sketch of a mirror symmetric 3-port system. The line denotes the axis of the
symmetry (b) Schematic of the 3-port acoustic device made of 3 connected waveguides side loaded
by 3 HRs with resonance frequency f1 and f2. The distance between each HR and the central
connection is d.
an operating frequency f ∗. Here we are interested in designing a 3-port system that acts
simultaneously as a symmetric splitter and a symmetric combiner with perfect transmission
at this operating frequency f ∗.
Conditions for Symmetric Splitter: We consider an input from port 1. We want this to be
equally transmitted to ports 2 and 3 without loss at the frequency f ∗. We thus first require
that there is no reflection, namely:
r(f ∗) = 0. (2)
At the same time, we require perfect transmission at the same frequency f ∗. For this, we
demand the scattering matrix to be unitary, satisfying the following relation S¯(f ∗)∗S(f ∗) =
I (where S¯ is the conjugate transpose of S and I is the identity matrix) which further
constraints its elements as follows
r′(f ∗) + t′(f ∗) = 0, (3)
|t(f ∗)| = 1/
√
2. (4)
Thus, Eqs. (2-4) present the conditions to achieve a symmetric splitter from port 1 with a
perfect transmission (no loss).
Conditions for Symmetric Combiner: The symmetric combiner is simultaneously achieved
from the same above conditions. Indeed, Eq. (1) combined with Eq. (3) ensures that an
input defined by p+2 = p
+
3 and p
+
1 = 0 is only guided to the remaining channel since we obtain
p−2 = p
−
3 = 0 (it is a consequence of the time reversal symmetry) at the frequency f
∗. In the
same time, the perfect transmission is ensured by the Eq. (4). As a consequence of these
conditions, we directly obtain |r′(f ∗)| = |t′(f ∗)| = 1/2. It is also interesting to remark that
by imposing conditions for symmetric splitter with perfect transmission, we obtain directly
the symmetric combiner property. Note that the proposed constraints could be achieved in
system supporting different kinds of waves e.g. optical, electrical, acoustical or quantum.
In this work, we implement such a device using a 3-port acoustic structure made of three
identical waveguides connected by a symmetric Y-connection [see Fig. 1(b)]. Each waveguide
is side-loaded by a Helmholtz resonator (HR) at a distance d from the Y-connection. The
HRs are characterized by their resonance frequencies and their inherent losses (viscous and
thermal effects at the boundaries) depending on their geometry. The symmetry of the system
can be controlled by tuning the resonance frequencies of the HRs. Here we choose that the
first waveguide is side-loaded by a HR with resonance frequency f1 while the other two by
a HR with a resonance f2.
3
Figure 2. Amplitude of r (gray line), t (red line) and r′ + t′ (black line) determined using
the TMM method with the optimized device showing splitting/combining properties with perfect
transmission at f∗ = 200 Hz. The inset presents the results using a 3D FEM simulation for
f ∈ [100 : 300] Hz showing splitting/combining properties with perfect transmission at f∗s = 197
Hz.
For sufficiently low frequencies (below the first cut-off frequency of the waveguide where
only the plane mode is propagative) the acoustic device is characterised by a scattering
matrix of the form of Eq. 1. The coefficients r, r′, t and t′ are analytically determined using
the Transfer Matrix Method (TMM) where the visco-thermal losses in the waveguides and
in the resonators are taken into account [18]. These coefficients depend both on frequency
and on the geometrical characteristics of the structure e.g. the distance d, necks and cavities
of the HRs, etc. Below we use these analytical expressions in order to obtain the proper
configuration whose coefficients satisfy Eqs. (2)-(4), by performing a numerical optimiza-
tion based on simplex derivative free method Nelder-Mead [28] at a prescribed operating
frequency of f ∗ = 200 Hz.
The optimized geometrical parameters are given in [29] achieving a convergence up to
97%. The analytical expressions of the coefficients are presented in Fig. 2 where the gray
line corresponds to |r|, the black line to |r′+ t′| and the red one to |t| satisfying Eqs. (2-4) at
the operating frequency f ∗ = 200 Hz. Indeed the analytical results give |r(f ∗)| = 1.3× 10−3
and |t(f ∗)| = 0.696 ≈ 1/√2 and consequently |r′(f ∗)| = 0.496 ≈ 1/2 and |t′(f ∗)| = 0.494 ≈
1/2. This optimized 3-port device is achieved through the induced transparency resonance
[3], localized between two transmission zeros, coming from the interaction of the detuned
resonances of each HR. These resonances correspond to the two peaks in |r| and |r′+ t′| (or
dips in |t|) at f1 = 363 Hz and f2 = 78 Hz surrounding the operating frequency.
To verify the above analytical results obtained using the TMM method, we compared
them with 3D FEM simulation with visco-thermal losses at the boundaries of the system
(walls of the waveguides and resonators). The results of the simulation are shown in the inset
of Fig. 2 for a frequency range from 100 Hz to 300 Hz as highlighted by the gray area. The
operating frequency is found at f ∗s = 197 Hz very close to the analytical one f
∗ = 200 Hz.
This small disagreement is essentially due to the 1D assumptions (monomode propagation
in the waveguide and no evanescent waves around the scatterers) of the analytical model.
In addition the HRs are considered as point scatterers in the model whereas in the FEM
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Figure 3. Simulated acoustic field in the optimized 3-port device for f∗s = 197 Hz .(a) Combiner
configuration with p+2 = p
+
3 = 1 and p
+
1 = 0 giving |p−1 | = 1.4 ≈
√
2 and |p−2 | = |p−3 | ≈ 0. (b)
Splitter configuration with p+1 = 1 and p
+
2 = p
+
3 = 0 giving p
−
1 ≈ 0 and |p−2 | = |p−3 | = 0.7 ≈ 1/
√
2.
simulation, their sizes are small but finite. For illustration purposes, using the data from
the simulation, we show both the splitting and the combining operation in Figs. 3(a) and
3(b) respectively at the operating frequency f ∗s = 197 Hz. When p
+
2 = p
+
3 = 1 [see Fig.
3(a)], we find that |p−1 | = 1.4 ≈ 2|t| =
√
2 and p−2 = p
−
3 ≈ 0 validating that the system
acts as a symmetric combiner with almost perfect transmission. Furthermore when only the
port 1 is illuminated [see Fig. 3(b)] with p+1 = 1, the wave is guided to ports 2 and 3 with
an amplitude given by |p−2 | = |p−3 | = 0.7 ≈ |t| = 1/
√
2 possessing splitter property. Due to
the fact that we choose HRs as scatterers, the operations of the optimized 3-port occur in
a subwavelength regime. More precisely, for the acoustic set-up described here λ∗/(2d) ≈ 6
where λ∗ is the wavelength at the operating frequency.
The great advantage of this device, with the same waveguide’s section at each port (as
opposed to other alternatives i.e. [19]) is that we can easily design a plethora of multi-port
network configurations by connecting 3-port blocks. Using the simple characteristics of this
elementary cell, we can assigne specific properties to the scattering matrix of the network
by choosing the orientation of each block. To illustrate this, among the numerous possible
configurations, here we study a network composed by 4 identical blocks as illustrated in the
Fig. 4. The resulting 4-port device features C4 symmetry due to the chosen orientation
of the building blocks. We arrange the unit-cells such as the HRs with resonance f1 are
located on the external branches while the rest HRs with resonance f2 are in the internal
ring depicted in Fig. 5(a) with black and white dots respectively. Below we illustrate that
such a network may acquire different routing operations at the prescribed frequency f ∗
selected by the input configuration.
Using the star product, the scattering matrix of this 4-port network is determined by the
elements of the 3-port scattering matrix given in Eq. 1 as we show in detail in the supplemen-
tary material. Since we assume that our 3-port building blocks act as splitters/combiners
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Figure 4. 4-port acoustic device constituted by 4 building blocks corresponding to identical
optimized 3-port systems (marked by the dashed lines and highlighted by the color box).
with a nearly perfect transmission, Eqs. (2-4) are satisfied, and the 4-port scattering matrix
can be simplified to the following form at frequency f ∗
S
(1)
4x4 =
1
2
e2iφ

i 1 −i 1
1 i 1 −i
−i 1 i 1
1 −i 1 i
 , (5)
where φ is the phase of t. To obtain Eq. (5) we add an additional condition on the phase of
t′ (see supplementary material) which is easily achieved by changing the waveguide length of
the 3-port building blocks. This network, satisfying Eq. (5), owing to the chosen orientation
of the building blocks, is able to perform four different kinds of routing operation with an
almost perfect transmission at the same frequency f ∗ solely by changing the input vector.
The first two operations concern the scattering from two diagonal ports with waves of the
same amplitude but differing in phase. When the phase of the two inputs is equal, the device
can route waves from two diagonal ports to the other two acting as an orthogonal directional
coupler. To illustrate this functionality at the prescribed frequency f ∗s , we perform 3D
FEM simulation with an input of the form |ψ+〉 ≡ (p+1 , p+2 , p+3 , p+4 )T = (1, 0, 1, 0)T . As
shown in Fig. 5(b), the wave is equally guided towards the ports 2 and 4 with an almost
perfect transmission since we find p−2 = p
−
4 = 0.97e
i0.42pi and |p−1 | = |p−3 | = 0.03. On the
other hand, when diagonal ports are excited by waves of the same amplitude but opposite
phase |ψ+〉 = (1, 0,−1, 0)T then the network becomes transparent, i.e. the remaining ports
are muted. This is also confirmed by the simulations results shown in Fig. 5(c) with
p−1 = −0.97ei0.42pi, p−3 = 0.97ei0.42pi and |p−2 | = |p−4 | = 0.03. Note that, as indicated in Figs.
5(b)-(c), the relative phase between the outputs is the same as for the inputs.
The additional operations of the network satisfying Eq. 5 concern the scattering from
two consecutive ports with waves of equal amplitude and varying phase. For example when
the input is defined by |ψ+〉 = (0, 1, i, 0)T , as shown in Fig. 5(d), the input waves from
ports 2 and 3 are guided to ports 1 and 2 leaving the port 4 muted. Thus the device acts
as a counter-clockwise directional coupler with an almost perfect transmission as found by
the numerical results achieving p−1 = 0.95e
i0.42pi and p−2 = 0.98ie
i0.43pi. When the inputs are
inverted, i.e. |ψ+〉 = (0, i, 1, 0)T , the operation of the network is also reversed and it acts as
a clockwise directional coupler. This functionality is illustrated in Fig. 5(e). Once again,
the relative phase of the inputs is inherited to the outputs. Note that, due to the symmetry
of the system, these functionality holds for any two consecutive ports.
This work proposes the design of complex networks using subwavelength splitter/combiner
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Figure 5. (a) Schematic of the 4-port network. The ports are numbered. The black and white
circles denote the HRs with resonance frequency f1 and with resonance frequency f2 respectively.
(b) Field amplitude in the 4-port device when the inputs are defined by (1, 0, 1, 0)T . (c) Field
amplitude in the 4-port device when the inputs are defined by (1, 0,−1, 0)T . (d) Field amplitude
in the 4-port device when the inputs are defined by (0, 1, i, 0)T . (e) Field amplitude in the 4-port
device when the inputs are defined by (0, i, 1, 0)T . All the fields are the results of a 3D FEM
simulation. The value of the phase 2φ is given by 2φ ≈ 0.42pi. For all the cases, the operating
frequency is f∗s = 197 Hz. The 4-port device is built with optimized 3-port systems where we
remove 5 × 10−2 m of tube in the external branches to tune the transmission t′ and reflexion r′
coefficients. The colormap denotes the amplitude pressure field and the arrows gives the pressure
waves.
3-port systems as the network building blocks. Thus, we are able to manipulate the coeffi-
cients of the scattering matrix of a complex network to obtain prescribed wave routing by
playing with orientation and characteristics of the 3-port unit-cell. Aiming at particular
wave routing operations, we construct a compact 4-port network by connecting four of
the aforementioned building blocks in a symmetric orientation. The resulting network is
capable of guiding incident waves to different outgoing channels, i.e. orthogonal, clock-
wise and counter-clockwise directional couplers, selected only by the relative phase of the
input. Alternative input/output functionalities, could also be achieved by connecting the
building blocks with different orientations. This concept of designing networks with multi-
functionalities can also be applied for wave routing or filtering in different domains of physics
as acoustics, electromagnetisms, optics or microwaves.
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